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Akt activationConnexin hemichannels are regulated under physiological and pathological conditions. Metabolic inhibition, a
model of ischemia, promotes surface hemichannel activation associated, in part,with increased surface hemichannel
levels, but little is known about its underlying mechanism. Here, we investigated the role of Akt on the connexin43
hemichannel's response induced bymetabolic inhibition. In HeLa cells stably transfected with rat connexin43 fused
to EGFP (HeLa43 cells), metabolic inhibition induced a transient Akt activation necessary to increase the amount of
surface connexin43. The increase in levels of surface connexin43was also found to depend on an intracellular Ca2+
signal increase thatwas partiallymediated by Akt activation. However, themetabolic inhibition-induced Akt activa-
tion was not signiﬁcantly affected by intracellular Ca2+ chelation. The Akt-dependent increase in connexin43
hemichannel activity in HeLa43 cells also occurred after oxygen-glucose deprivation, another ischemia-like condi-
tion, and in cultured cortical astrocytes (endogenous connexin43 expression system) under metabolic inhibition.
Since opening of hemichannels has been shown to accelerate cell death, inhibition of Akt-dependent phosphoryla-
tion of connexin43 hemichannels could reduce cell death induced by ischemia/reperfusion.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Connexins (Cxs) constitute a protein family ubiquitously expressed
in chordates that form two types of structures: hemichannels (HCs),
pore-like structures in the cell surface that communicate the intracellu-
lar and extracellularmedia, and gap junction channels (GJCs), the result
of the docking of two HCs from adjacent cells that communicate the cy-
tosol of contiguous cells [1]. Once HCs are opened, free movement of
ions and small molecules occurs down their concentration gradients.
Because of the big size and low selectivity of HC pores, for many years
it was believed that they were always closed, but currently it is known
that they open under speciﬁc physiological and pathological condi-
tions [2], including ischemia [3].emichannel; GJC, gap junction
olic inhibition; I/R, ischemia/
m
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saez@bio.puc.cl (J.C. Sáez).Ischemia increases the open probability of connexin43 (Cx43) HCs
[4,5]. This has been associated with dephosphorylation or nitrosylation
of the protein subunit and accelerated cell death [3,6–8]. Moreover,
Cx43 seems to be essential for ischemic preconditioning (IP), a mecha-
nism inwhich an organ is exposed to a non-lethal ischemia/reperfusion
(I/R) insult, resulting in protection against a subsequentmore harmful I/
R episode [9]. Metabolic inhibition (MI), a controlled ischemic-like con-
dition, increases cell membrane permeability through Cx43 HCs in rat
cardiomyocytes [10–12], astrocytes [5,7] and kidney epithelial cells
[13]. Elevated Cx HC activity may be accomplished by either increasing
the open probability or the number of HCs at the cell surface. MI has
been proved to activate both of them. Some of the mechanisms that
lead to the opening of Cx43 HCs and are activated during MI are: de-
creased phosphorylation status [3,7,8], reduced redox potential [8], in-
creased intracellular [Ca2+] [14,15] and decreased extracellular [Ca2+]
[16,17]. MI also increases the cell surface levels of Cx32 and Cx43 [8,
18,19], but the mechanism behind this phenomena is still unknown.
The structure of Cx43 has multiple phosphorylation sites that are dy-
namically modiﬁed and affect membrane insertion and degradation [20]
as well as the activity of Cx43 GJCs and HCs [1,21,22]. Akt is a Ser/Thr ki-
nase activated during I/R with an important role during IP [23]. It can
phosphorylate Cx43 on Ser369 and Ser373 [24], affecting the size of
Cx43 gap junctions during hypoxia/reperfusion [25] and Cx43HC activity
induced by mechanical stress [26], but a similar mechanism operating
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was to investigate the role of Akt on Cx43 HC activity in metabolically
inhibited cells. Our results show that MI-induced membrane perme-
abilization due to enhanced Cx43 HC activity is mediated by a rapid and
transient activation of Akt, leading to an increase in Cx43 HC levels at
the cell surface by a mechanism dependent on intracellular Ca2+ signal.
2. Materials and methods
2.1. Cell cultures
Parental HeLa cells (HeLa-p) were obtained from ATCC (CCL-2;
ATCC, Rockville, MD) and HeLa cells stably transfected with cDNA
encoding rat Cx43 fused to EGFP in its C-terminus (HeLa43 cells) were
kindly provided by Dr. Felix Bukauskas (Department of Neuroscience,
Albert Einstein College of Medicine, NY, USA). Construction of the
pIRES vector containing Cx43 with Ser373 mutated by Ala (Cx43-
S373A) was previously described [25]. All cell lines were cultured in
DMEM supplemented with 10% fetal bovine serum (GIBCO-Invitrogen),
100 μg/ml streptomycin sulfate, 100 U/ml penicillin and 250 μg/ml
G418. The latter was used to select transfected cells. Untransfected
HeLa-p cells were used as negative control. For ethidium (Etd) uptake
experiments, cells were seeded at a density of 60,000 cells/plate in 60-
mm-diameter dishes (Nunc, Roskilde, Denmark), containing several
#1 glass coverslips. For biotinylation experiments (see below), cells
were seeded at a density of 120,000 cells/plate in 100-mm-diameter
dishes (Nunc). In all experiments, cells were fed 24 h prior to the
experiment.
Cells for primary cultures were obtained using protocols approved
by the Ethics and Biosecurity Committee of the Faculty of Biological Sci-
ences, Pontiﬁcia Universidad Católica de Chile, Santiago, Chile. Primary
astrocyte cultures were obtained from the cortex of newborn (1–2 d
of age) Sprague–Dawley rats as described previously [5]. Brieﬂy,menin-
geal tissue was removed, and the neocortex was minced and incubated
at 37°C for 20 min in PBS containing trypsin (0.5%) and EDTA (5 mM).
Cells were then removed by centrifugation and resuspended in MEM
medium supplementedwith 10% horse serum and 1mg/ml bovine pan-
creas DNase I and triturated using a Pasteur pipette. Dissociated cells
were centrifuged. The pellet was resuspended in MEM supplemented
with 10% FBS, 100 μg/ml streptomycin sulfate and 100 U/ml penicillin
and cells were ﬁnally plated in 25 ml plastic tissue culture bottles
(Nunc Clone). For Etd uptake experiments, conﬂuent cell cultures
were replated on 60 mm plastic culture dishes (Nunc Clone), each one
containing several #1 glass coverslips at a density of 2.5 × 103 cells
per culture dish. Cells were grown at 37°C in a 5% CO2/95% air atmo-
sphere at nearly 100% relative humidity.
2.2. Transfection protocol
HeLa-p were seeded on 24 well plates (Nunc, Roskilde, Denmark) at
a density of 4 × 104 cells/well, containing one#1 glass coverslip and cul-
tured in DMEM-10%FBS for 24 h. When cells reached 60% conﬂuence,
they were washed 3 times with PBS and cultured in Opti-MEM
(GIBCO-Invitrogen). After 1 h, a mixture of lipofectamine® 2000
(Invitrogen) and 500 ng of Cx43-S373A cDNA (within vector pIRES)
was added to each well and incubated for 3 h at 37°C in a 5% CO2/95%
air atmosphere at nearly 100% relative humidity. Finally, the complex
lipofectamine® 2000-cDNA was replaced by fresh medium and cells
were cultured for 48 h until theywere used for Etd uptake experiments.
2.3. Metabolic inhibition and ischemia/reperfusion
Metabolic inhibition (MI) was induced by blocking the two main
pathways for ATP production through inhibition of the enzyme
glyceraldehyde-3-phosphate dehydrogenase (0.3 mM iodoacetic acid
dissolved in saline), and the complex III of themitochondrial respiratorychain (10 ng/ml antimycin A, dissolved in absolute ethanol) [7,10,27].
Both inhibitors (Sigma, St. Louis, MO) were simultaneously applied to
cultures.
Ischemic-like conditions (called oxygen-glucose deprivation, or
OGD)were induced by cultivating cells in a solutionmimicking changes
that occurred in an ischemic environment [inmM: NaCl (139), KCl (12),
MgCl2 (0.5), CaCl2 (1.3), 2-deoxy-D-glucose (5), lactic acid (20), HEPES
(10), pH 6.8] under 100% nitrogen (O2 b 1%) for 8 h. Reperfusion was
achieved by taking the cells out of the hypoxic environment and placing
them in a 37°C chamber until Etd uptake experiments were performed
(approximately 30min). Parallel controls were simultaneously incubat-
ed in medium containing [in mM: NaCl (139), KCl (4.7), MgCl2 (0.5),
CaCl2 (1.3), D-glucose (5), HEPES (10), 10% fetal bovine serum,
pH 7.4] in a 37°C chamber for 8 h. Etd uptake experiments were per-
formed identically in both groups of cells.
2.4. Dye uptake
HC activitywas assessed by using the Etd uptakemethod [2]. Brieﬂy, a
coverslip with approximately 80% conﬂuent HeLa cells was transferred to
a 30-mm dish (Nunc Clone) coated with a thin vaseline layer to adhere
and immobilize the coverslip. Then, cellswerewashed twicewith record-
ing solution [in mM: NaCl (150), KCl (5.4), HEPES (5), CaCl2 (2.3), MgCl2
(1.5)] containing 5 μM Etd. Basal ﬂuorescence intensity (before MI) from
selected regions of interest was recorded for 10 min, after which, MI was
inducedby adding chemicals to the recording solution. After 50min ofMI,
200 μM lanthanum ion (La3+), a Cx HC blocker, was added to the record-
ing solution in order to conﬁrm that Etd uptakewasmediated byHCs. Dye
uptake was recorded in an Olympus BX51WI upright microscope with a
40× water immersion objective (Melville) and equipped with the
image acquisition system Q Imaging, model Retiga 13001, fast-cooled
monochromatic digital camera (12-bit) (Qimaging, Burnaby, BC,
Canada). Images were captured every 1 min (exposure time = 30 ms,
gain 0.5). For off-line image analysis and ﬂuorescence quantiﬁcation,
Metaﬂuor software (version 6.2R5, Universal Imaging Co., Downingtown,
PA, USA) was used. For graphical data representation and slope calcula-
tion, the average of three independent background ﬂuorescence intensity
measurements was subtracted from the ﬂuorescence intensity of each
cell. Results from this calculation, including at least 30 cells per indepen-
dent experiment, were averaged and plotted against time (in min).
Slopes, calculated with Microsoft Excel software, were expressed in arbi-
trary units/minute: A.U./min. Microscope and camera settings remained
constant in all experiments.
For experiments with divalent cation-free solution (DCFS, without
Ca2+ andMg2+), basal Etd uptake was ﬁrst recorded for 10 min in a so-
lution containing normal divalent cation concentrations. Then, cells
were rinsed ﬁve times with DCFS and supplemented with ethylene
glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA,
Merck) before Etd uptake was recorded for additional 10 min. At the
end of the experiment, 200 μM La3+ was added to the recording
solution.
In experiments where Akt inhibitor (Akti) was used, cells were pre-
treated with 10 μMAkti for 1 h andmaintained during Etd uptakemea-
surements. For experiments with BAPTA, cells were pre-incubated with
5 μM BAPTA-AM for 30 min and then rinsed twice with recording solu-
tion before the experiment.
2.5. Determination of the amount of surface Cx43 HCs
Biotinylation of cell surface proteins was performed as described pre-
viously [8]. In brief, cell cultures were grown in 100 mm-dishes (Nunc
Clone), washed three times with ice-cold Hank's saline solution pH 7.4
and incubated for 30 min at 4°C in 3 ml of 0.5 mg/ml sulfo-NHS-SS-
biotin (Pierce, Rockford, IL). Then, cells were washed three times with a
saline solution containing 15 mM glycine pH 8.0 to neutralize unreacted
biotin and ﬁnally harvested in saline solution with a cocktail of protease
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bean (200 μg/ml), benzamidine (6.4), ε-aminocaproic acid (7.6), EDTA
(20), phenylmethanesulfonyl ﬂuoride (3.2), sodium pyrophosphate
(100) and NaF (100)]. After this, cells were sonicated on ice (Ultrasonic
Processor, GEX130PB, Cole-Parmer) andprotein concentrationwas deter-
mined by using the Bio-Rad protein assay (Bio-Rad, Richmond, CA). Vol-
umes containing the same amount of proteins were taken and an
excess of immobilized NeutrAvidin (Pierce) was added (1 ml of
NeutrAvidin per 3 g of biotinylated protein). The mixture was incubated
for 1 h at 4°C. Then, 1 ml of washing buffer (saline solution, pH 7.4, 0.1%
SDS and 1% NP-40) was added, and the mix was then centrifuged for
2 min at 14,000 rpm in a bench centrifuge at 4°C. The supernatant was
discarded. After performing this procedure three times, 40 μl Hanks solu-
tion buffer at pH 2.8 containing 0.1 M glycine was added to the pellet to
release the proteins bound to biotin. The pelletwas resuspended and cen-
trifuged at 14,000 rpm for 2 min at 4°C. The supernatant was transferred
to a new 1.5 ml Eppendorf tube, and pH was adjusted immediately by
adding 10 μl of 1MTris pH7.4. Finally, relative levels of proteinwere eval-
uated by Western blot analysis as described below. The density of the
bands stained with speciﬁc Cx43 antibody (previously described [8])
was measured, and the results were expressed in arbitrary units (A.U.).
These relative levels were compared to total protein extracts from the
same biotinylated fractions stained with Ponceau red before the biotinyl-
ation process was performed.
Changes in cell surface Cx43-EGFP ﬂuorescence were evaluated on
subconﬂuent HeLa43 cells seeded on glass coverslips and mounted on
a hermetic camera suitable for an inverted confocal microscope. EGFP
ﬂuorescence (excitation wave length 488 nm and emission at
530 nm) was used as indicative of Cx43 signal because of the fusion-
protein. Confocal images of living cells under control conditions and
after exposure to 30 min of MI were acquired using the Spectral
Imaging Confocal Microscope Digital Eclipse C2 (Nikon, Japan)
equipped with a 60× Plan apochromat CFI NA 1.4 oil objective and
analyzed using the NIS-Elements AR software provided by Nikon.
Cells treated with BAPTA or Akti were stimulated as described before
(“Dye uptake”). Changes in continuous EGFP ﬂuorescence of four
rectangular sections per cell (from unopposed regions of cells)were an-
alyzed between control and MI conditions. Data were corrected consid-
ering photobleaching.2.6. Western blot analysis
Cell cultureswere rinsed three timeswith cold PBS (pH 7.4) andhar-
vested by scraping them with a rubber policeman in ice-cold solution
containing protease and phosphatase inhibitors (detailed above). In ali-
quots of cell homogenates, proteins were measured using the Bio-Rad
protein assay. Pelleted cells were resuspended in 100 μl of the protease
and phosphatase inhibitor solution, placed on ice, and lysed by a brief
sonication (Ultrasonic Processor, GEX130PB, Cole-Parmer). Subsequent-
ly, sampleswere analyzed by immunoblotting. Brieﬂy, aliquots of cell ly-
sates [100 μg of protein for anti-phospho-Akt in S473 (p-AktS473) or
50 μg for anti-Akt antibodies]were resuspended in Laemli's sample buff-
er, separated in 10% SDS-PAGE, and electro-transferred to nitrocellulose
sheets. Nonspeciﬁc protein binding was blocked by incubation of mem-
branes in 5% nonfat milk in TBS, 1% Tween-20 buffer for 60 min at room
temperature. Blots were then incubated with primary polyclonal anti-
Akt or p-AktS473 (both from Cell Signaling, Danvers, MA) sera overnight
at 4°C (each primary antibody was diluted in 5% nonfat milk in TBS, 1%
Tween-20 buffer at 1:1000 dilution) followed by ﬁve 20-min TBS, 1%
Tween-20 buffer washes. Membranes were then incubated with goat
anti-rabbit secondary antibody, conjugated to horseradish peroxidase
(1:5000 in 5% nonfatmilk in TBS, 0.1% Tween-20). Finally, immunoreac-
tivity was detected by ECL using the SuperSignal kit (Pierce, Rockford,
IL) according to the manufacturer's instructions. Akt and p-AktS473
were detected in two different gels because of the different amount ofprotein required for detection of each protein, but it was the same sam-
ple and the experiments were run in parallel.
2.7. Intracellular Ca2+ signal measurement
Intracellular Ca2+ signal (F340/F380) measurements were per-
formed as previously described [28]. Brieﬂy, cells plated on glass cover-
slips were loadedwith 5 μMFura-2-AM (Molecular Probes, Eugene, OR)
in DMEM (serum free) for 30min at 37°C andwashed three times in re-
cording solution [in mM: NaCl (150), KCl (5.4), HEPES (5), CaCl2 (2.3),
MgCl2 (1.5), pH= 7.4]. Fluorescence intensity was measured at excita-
tion wavelengths of 340 and 380 nm, while the emission wavelength
was 510 nm. Images were acquired by using an Olympus BX 51W1I up-
right microscope and the imaging system described above. Data were
recorded every 1min and analyzedwithMETAFLUOR software (Univer-
sal Imaging, Downingtown, PA) as described previously [29]. For exper-
iments with Akti, cells were ﬁrst incubated for 30 min with 10 μM Akti
and then loadedwith Fura2 by incubating them for additional 30min in
saline solution containing 5 μM Fura2-AM.
2.8. Statistical analysis
For each group of data, resultswere expressed asmean±SEM, andn
represents the number of independent experiments or the number of
cells analyzed as indicated. For Etd uptake or FURA-2 experiments,
each mean corresponds to the average of at least 30 cells. Data sets
were compared by one-way analysis of variance (ANOVA) followed by
a Bonferroni's post-test. Differences were considered signiﬁcant at
p≤ 0.05. The analyses were performedwith GraphPad Prism5 software
for Windows (1992–2007, GraphPad Software).
3. Results
3.1. The activity of Cx43 HCs expressed by HeLa cells increases under
metabolic inhibition
Metabolic inhibition (MI) is used as a model of ischemia because it
shares important features such as reduction in ATP levels and genera-
tion of free radicals despite the fact that it occurs in normoxic condi-
tions [7,8]. To study the effect of MI on Cx43 HC mediated cell
membrane permeability, HeLa-p (deﬁcient in Cx and pannexin expres-
sion) and HeLaCx43-EGFP (called HeLa43 hereafter) were treated with
antimycin A and iodoacetic acid to induceMI. Changes in the rate of Etd
uptake were measured as an indicator of HC activity. No signiﬁcant
changes in Etd uptake rate were detected in HeLa-p under MI for
50 min, and a similar result was veriﬁed for HeLa43 cells under control
conditions (“C”) during the same time period (Fig. 1a–b). Basal Etd up-
take (“B”, ﬁrst 10 min of Etd recording, before MI was performed) was
similar in HeLa-p and HeLa43, but MI increased Etd uptake (5.1 ± 0.3
times basal Etd uptake) only in HeLa43 and was completely inhibited
when La3+, a known CxHC inhibitor [7,10,11], was added to the record-
ing solution (Fig. 1b–c). Addition of La3+ to HeLa-p cells did not signif-
icantly affect the Etd uptake rate (Fig. 1b–c).
3.2. Increased Cx43 HC activity induced byMI is mediated by Akt activation
Akt activation plays a critical role inmodels of hypoxia or I/R [25,30].
The evidence that Cx43 is a substrate of this Ser/Thr kinase [24] led us to
investigate its involvement in Cx43 HC activity increase induced by MI.
The Akt activity was measured byWestern blot analysis as the increase
in Ser473 phosphorylation (pAktS473) relative to total Akt. The latter is
activated rapidly and transiently inHeLa43 cellsmetabolically inhibited,
reachingmaximum levels during the ﬁrst 3min and returning to values
below the control conditions at 15 min of MI (Fig. 2a). Inhibition of Akt
activity with Akti almost completely abolished the Cx43HC activity in-
crease induced by MI (Fig. 2b–c, 1.7 ± 1.0 times basal Etd uptake
Fig. 1.Metabolic inhibition increases the membrane permeability in HeLa cells transfected with Cx43 fused to EGFP (HeLa43). Cultured HeLa cells were placed in a recording solution
containing 5 μM Etd and dye uptake was recorded every 1 min as ﬂuorescence emission of Etd binding to DNA (518 nm arbitrary units—A.U.—of ﬂuorescence intensity). After 10 min,
cells were metabolically inhibited and the Etd uptake was recorded during 50 min. At the end of the experiment, La3+ (200 μM) was added to the recording solution.
(a) Photomicrographs of Etd incorporation (upper panels) and bright ﬁeld images (lower panels) of cells exposed to 5 μM Etd during 50 min of control conditions (C, left panels) or
after 50 min of metabolic inhibition (MI, right panels) in HeLa-p or HeLa43. (b) Left graph: time course of Etd uptake in HeLa43 (black circle) or HeLa-p (open circle) exposed to MI (in-
dicated by arrow) or HeLa43 exposed to control conditions (C, grey circle). The black line under La3+ indicates the period of time of La3+ treatment. Each point is the average ± SEM of
ﬂuorescence of at least 30 cells. (c) Rate of Etd uptake (A.U./min) of HeLa-p (open bar) or HeLa43 (black bar) during the ﬁrst 10min of recording (C), after 50min ofMI (MI) or after La3+
was added. Data are mean ± SEM of 5 (HeLa-p) or 9 (HeLa43) independent experiments. ***p ≤ 0.001, one-way ANOVA with Bonferroni's post-test.
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well as in HeLa43 cells pre-incubated with Akti and then exposed to
MI (1.1 ± 0.1 times basal Etd uptake rate) (Fig. 2b–c).
The Akt inhibitor effect over kinase activation was corroborated by
Western blot analysis in which 1 h Akti pretreatment completely
abolished theAkt activation induced byMI (Fig. 2a). To determinewheth-
er Akti is a direct Cx43 HC inhibitor, HeLa43 cells were exposed to a diva-
lent cation-free solution (DCFS), a condition used to increase the open
probability of CxHCs [31]. Akti did not signiﬁcantly change the Etd uptake
rate in cells exposed to DCFS (Suppl. Fig. 1), suggesting that its action on
Etd uptake induced by MI was mainly through Akt inhibition.
Akt is a pleiotropic kinase that affectsmanymolecular targets down-
stream. To determine if Akt-dependent phosphorylation of Cx43 is re-
sponsible of the increased Cx43 HC activity induced by MI, we used
HeLa-p cells transiently transfected with Cx43 with Ser373 (one of the
Akt phosphorylation sites on Cx43) mutated to Ala. A positive responseto DCFS was used to select transfected cells with functional, cell-surface
Cx43S373AHCs. For this, cellswere ﬁrst exposed to DCFS for 5min, then
returned to normal divalent cation levels and then MI was performed.
Only cells that increased HC activity in response to DCFS were consid-
ered in the analysis. MI did not signiﬁcantly affect Cx43 HC activity in
cells transfectedwith Cx43-S373A (Fig. 3a–b). Thus, Ser373 phosphory-
lation induced by Akt may account for increased Cx43 HC activity in-
duced by MI.
3.3.MI increases intracellular Ca2+ signal, which depends on Akt activation
and is required for increased HC activity
To determine if MI increases Ca2+ signal as was reported for HeLa
cells expressing Cx32 [19], changes in Ca2+ signal were measured
using the radiometric dye Fura-2. MI induced an increase in Ca2+ signal,
which was slightly reduced by La3+ (Fig. 3a–b, black circles).
Fig. 2. Akt activation is necessary for Cx43 hemichannel activity induced by metabolic inhibition. (a) HeLa cells transfected with Cx43 fused to EGFP (HeLa43) were exposed to metabolic
inhibition (MI) for different times in the presence or absence of 10 μM Akt inhibitor (Akti) as indicated at the bottom. Two top panels are representative Western blot analysis showing
relative levels of total Akt (lower panel) or phosphorylated Akt on Ser473 (p-AktS473, upper panel). Graph: densitometric analysis represents levels of p-AktS473 relative to total Akt of 3
independent experiments. (b) Etd uptake rate of HeLa43 exposed toMI (indicated by arrow) in thepresenceof Akti (open circles) or in its absence (black circles). The black line under La3+
indicates the period of time of 200 μMLa3+ treatment. Each point corresponds to the average± SEMof ﬂuorescence of at least 30 cells. (c) Rate of Etd uptake of HeLa43 exposed to 50min
ofMI in the presence or absence of 10 μMAkti or after La3+ exposure, as indicated. Data are shown as Etd uptakemean± SEM and the number of independent experiments is indicated in
each column. **p ≤ 0.01, ***p ≤ 0.001, one-way ANOVA with Bonferroni's post-test.
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of L-type Ca2+ channels to the plasmamembrane [32] and by increasing
their activity [33]. For this reason,we investigatedwhether Akt is neces-
sary for the intracellular Ca2+ signal increase induced by MI. Pretreat-
ment with Akti drastically reduced the Ca2+ signal promoted by MIFig. 3. Serine 373phosphorylation is necessary formetabolic inhibition-induced Cx43 hemichan
at Ser373 to Ala (HeLa43-S373A)were exposed tometabolic inhibition (MI). (a) Etd uptake of H
under La3+ indicates the periodof time of 200 μMLa3+application. Each point corresponds to th
exposed to 50min ofMI or divalent cation free solution (DCFS). Data are shown as Etd uptake m
post-test.(Fig. 4a–b, open circles) as compared to cells under MI but without
Akt inhibition.
The Ca2+ signal increase was necessary for the increased Cx43 HC
activity induced byMI because pretreatmentwith BAPTA, a Ca2+-chela-
tor, totally prevented this response (Fig. 4c, grey circles). Then, wenel activity. HeLa cells transfectedwith Cx43 fused to EGFP (HeLa43) orwith Cx43mutated
eLa43 (black circles) or HeLa43-S373A (open circles) exposed toMI (arrow).The black line
e average±SEMofﬂuorescence of at least 30 cells. (b) Rate of Etd uptake of HeLa43-S373A
ean± SEM of 3 independent experiments. **p≤ 0.01, one-way ANOVAwith Bonferroni's
Fig. 4.Metabolic inhibition increases Cx43hemichannel-dependentmembrane permeability by increasing intracellular Ca2+ levels. (a) Pseudo color images of representative experiments
of Ca2+ signal measurements in HeLa cells transfected with Cx43 fused to EGFP (HeLa43) incubated during 1 h with 10 μM Akt inhibitor (Akti, middle panels) or not (upper and lower
panels) and loaded with 5 μM Fura-2 in control conditions (C, left panel) or after 50 min metabolic inhibition (MI, right panel) alone (upper panels) or in the presence of 200 μM La3+
(lower panel). Changes in intracellular Ca2+ signals are expressed as Fura-2 ﬂuorescence ratio F340/F380. (b) Representative experiment showing intracellular Ca2+ signal variations
over time of cells treatedwith 10 μMAkti (open circles) or not (black circles) and exposed toMI (arrow) alone or in the presence of La3+ (triangle) shown in (a) of 3 independent exper-
iments. Black line under La3+ represents the time period of La3+ treatment. (c) HeLa43 cells loadedwith 5 μMBAPTA (grey circles) or not (black circles) were exposed to MI (arrow) and
changes in Etd uptake were recorded over time. Black line under La3+ represents the time period of La3+ application. Each point corresponds to the Etd ﬂuorescence mean ± SEM of at
least 30 cells. (d) HeLa43 cells were loaded with 5 μMBAPTA or not (as indicated in the bottom) andmetabolically inhibited during different periods of time. RepresentativeWestern blot
analysis of total Akt (lower ﬁgure) and phosphorylated Akt on Ser473 (p-AKTS473, upper panel). Densitometric analysis represents the level of p-AktS473 relative to total Akt of 3 indepen-
dent experiments. ***p ≤ 0.001, one-way ANOVA with Bonferroni's post-test.
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cells stimulated with EGF [34]. BAPTA pretreatment tended to reduce
Akt phosphorylation (pAktS473) status in HeLa43 cells under MI, but
the effect was not statistically signiﬁcant (Fig. 4d, 3 and 15 min).
Considering that Cx43 HCs are permeable to Ca2+ [35], we tested
whether their openingmay explain the increase of intracellular Ca2+ sig-
nal induced by MI. To accomplish this, La3+ was added at the same time
that MI was induced and changes of intracellular Ca2+ signal were mea-
sured with Fura-2. Inhibition of Cx43 HCs with La3+ abolished the in-
crease of intracellular Ca2+ levels induced by MI (Fig. 4b, triangles).
3.4. Intracellular free Ca2+ and activation of Akt are required for the
MI-induced increase in the amount of surface Cx43 HCs
Previous work showed that different cellular stresses, including MI,
induce an increased level of Cx43 HCs in the plasma membrane [8,36]and this increase can be positively correlated with the increased rate of
Etd uptake in astrocytes [8] and HeLaCx32 cells under MI [19]. We used
two experimental approaches to studywhetherMI increases the amount
of Cx43 HCs at the plasma membrane in HeLa43 and the involvement of
Ca2+ signal rise on Akt activation. Measurements of i) cell surface protein
by biotinylation (Fig. 5a–b) and ii) EGFP ﬂuorescence intensity at the cell
membrane by confocal microscopy (Fig. 5c–d) were performed. Both ex-
perimental approaches revealed that MI increases the amount of Cx43
HCs at the cell surface, while this increase was absent in cells loaded
with BAPTA (Fig. 5a, d) or treated with Akti (Fig. 5b, d).
3.5. The increase in Cx43 HC activity induced by oxygen-glucose deprivation
is dependent upon Akt activation
To determine whether the role of Akt on MI-induced increase in
Cx43 HC activity was independent of the way the metabolic stress was
Fig. 5. Ca2+ and Akt are required to increase the number of Cx43 hemichannels at the cell surface. HeLa cells transfectedwith Cx43 fused to EGFP (HeLa43) were loadedwith 5 μMBAPTA for
30min or incubated 1 hwith 10 μMAkt inhibitor (Akti) and then exposed tometabolic inhibition (MI) for different periods of time. (a and b) Surface proteins were biotinylated, precipitated
and subjected to immunoblot for Cx43. Representative images showing the amount of Cx43 hemichannels at the cell surface (upper panel) in HeLa43 cells loaded with BAPTA (a) or Akti (b).
Ponceau staining (lower panels in a and b) corresponds to the total protein fraction, before puriﬁcation of hemichannels and was used as a loading control. C = control conditions. (c and
d) Changes in EGFP ﬂuorescence at the cell surface determined using confocal microscopy. (c) Representative confocal image of HeLa43 cells showing changes in surface Cx43-EGFP signal
(ﬂuorescence at 530 nm)when exposed to MI for 30 min without treatment (upper panels), treated with Akti (middle panels) or BAPTA (lower panels). Insert shows a zoom image of one
cell from the ﬁeld (asterisk). Changes in continuous Cx43-EGFP ﬂuorescence in cells exposed to control conditions or after 30 min of MI were analyzed in rectangular sections, as shown in
the insert. (d) Average Cx43-EGFP ﬂuorescence intensity of membrane domains was measured under control conditions or after exposure to 30 min of MI in the presence of BAPTA or
Akti, as indicated at the bottom. The number inside the bars represents the number of cells analyzed in each condition. ***p ≤ 0.001, one-way ANOVA with Bonferroni's post-test.
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Material and methods). During the ﬁrst 30 min of reperfusion after
8 h of OGD, Cx43HC activitywas increased (Fig. 6a, 3.3± 0.2 times con-
trol Etd uptake rate), but this was not evident if Akti was present during
the ischemia period in HeLa43 cells (Fig. 6a, 1.8 ± 0.1 times control Etd
uptake rate) or HeLa-p cells (Fig. 6a, white bar; 1.9 ± 0.2 times control
Etd uptake rate).
3.6. Akt inhibition partially reduces Cx HC activity increase triggered by MI
in cortical astrocytes
To determine whether the Akt-dependent mechanism described
above that regulates Cx43 HC activity in cells under MI occurs in asystem that endogenously expresses Cx43, we chose astrocytes because
in culture they express only Cx43 [37,38] and Cx HC activity increases
during MI [7,8]. MI was performed as in HeLa cells and changes in Etd
uptake rate were recorded as indicative of Cx HC activation. Pretreat-
ment with Akti signiﬁcantly reduced the activity of Cx HC induced by
MI (Fig. 6b).
4. Discussion
In the presentwork,we show thatMI, a chemically inducedmodel of
I/R, increases Cx43 HC activity in HeLa43 through an Akt and Ca2+
signal-dependent mechanism. In addition, Akt activation was found to
be required for the increase in Ca2+ signal. The role of Akt activation
Fig. 6. Akt activation is involved in Cx43 hemichannel activity in cells expressing endogenous Cx43 and in HeLa43 cells exposed to ischemia–reperfusion. (a) HeLa parental cells (HeLa-p,
open bar) and HeLa cells transfected with Cx43 fused to EGFP (HeLa43, black bar) were subjected to 8 h oxygen-glucose deprivation (OGD: high K+, pH 6.8, 2-deoxyglucose, without
serum or O2) in the presence or absence of 10 μM Akt inhibitor (Akti, indicated at the bottom). Hemichannel activity was measured as the rate of Etd uptake over time after reperfusion.
Data are presented as average± SEM of 3 (HeLa-p) or 7 (HeLa43) independent experiments. (b) Primary cultured rat astrocyteswere pre-incubated during 1 hwith orwithout Akti met-
abolically inhibited and Etd uptake rate wasmeasured to evaluate Cx43 HC activity. Data are shown asmean± SEM of 3 independent experiments. The line under La3+ indicates the pe-
riod of time cells were treated with 200 μM La3+. ***p ≤ 0.001, one-way ANOVA with Bonferroni's post-test.
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tures of cortical astrocytes, an endogenous Cx43 expression system.
Therefore, we suggest that Akt orchestrates part of the Cx43 HC activity
increase induced by ischemic-like conditions.
MI-induced cell permeabilization has been described in different cell
types including cardiomyocytes [11,12] cultured astrocytes [7,8], HeLa
cells expressing Cx32 [19] and HEK293 cells expressing Cx43 wild
type or fused to GFP [39]. To study the mechanism of cell perme-
abilization induced by MI, we choose HeLa cells stably transfected
with Cx43 fused to EGFP in its C-terminus because they behave similar
to wild type Cx43 [40] and do not express other functional Cx HCs or
pannexin channels in the cell surface [41].
As expected and based on previous electrophysiological and dye up-
take studies [40], the basal Cx43 HC activity was low. However, under
MI the cellular permeabilization mediated by Cx43 HCs increased de-
spite the presence of extracellular divalent cations. This is further sup-
ported by the following ﬁndings: 1) MI did not permeabilize HeLa-p
cells, which do not express functional Cx HCs or pannexin channels in
the cell surface; 2) there is a positive correlation between EGFP expres-
sion and Etd uptake (Suppl. Fig. 2) and 3) MI-induced cell perme-
abilization to Etd is inhibited by La3+, a known Cx43 HC blocker.
Other pathways for Etd entry such as P2X receptors or TRPV1 channels
were discarded based on previous ﬁndings performed in the same
HeLa-p clone [19]. Moreover, CALHM1 channels, a recently described
pathway of Etd entry sensible to La3+ [42], are not expressed in HeLa
cells [43].
During the ﬁrst 3 min of MI, we found a rapid and transient activa-
tion of Akt, reminiscent of Akt changes described in cardiomyocytes ex-
posed to I/R [25]. The rapid turnover of Akt phosphorylation may be a
consequence of the fast drop in intracellular ATP levels [2], but we did
not perform further experiments to address this issue. The increase in
Cx43 HC-mediated membrane permeability induced by MI was
prevented by the Akt inhibitor.
SinceAkt hasmanydownstream targets thatmay explain the increase
in Cx43 HC activity induced by MI, we tested whether Akt-dependent
Cx43 phosphorylation mediates this response. The membrane perme-
ability of HeLa cells transiently transfected with Cx43S373A was found
to be insensitive to MI, indicating that MI-induced Akt activation leads
to phosphorylation of Cx43 on Ser373 increasing Cx43 HC activity.
Akt has been described as a protective kinase important for ischemic
pre- and post-conditioning [44], but its rolewas attributed to the inhibi-
tion of the opening of the mPTP [45,46] and prevention of apoptosis
[47]. An alternative mechanism of cell protection could imply that
Cx43 HCs are activated via an Akt-dependent mechanism leading topre-conditioning [48]. It has been previously shown that MI increases
the intracellular Ca2+ signal, which is important for activation of Cx32
HCs expressed in HeLa cells [19]. Here, we extend this observation to
Cx43 HCs. In the current work, this response was found to depend to a
great extent on Akt activation and Cx43 HC opening. Cx43 HCs have
been shown to be permeable to Ca2+ in HeLa43 cells treated with
FGF-1 [28] or upon exposure to alkaline pH in Cx43 HCs reconstituted
in liposomes [35]. Taken the above together with our observation that
La3+ prevented the MI-induced increase of intracellular Ca2+, we sug-
gest that Cx43 HCs may be the pathway for Ca2+ inﬂow. It is worth
mentioning that in other cell types, it remains possible that the Akt-
mediated Ca2+ increase induced by MI could be mediated by the in-
crease of L-type Ca2+ channel expression and/or its activity [32,33].
In a model of mammary epithelial cells, it was shown that the in-
crease in Akt phosphorylation induced by EGF depends on intracellular
Ca2+ levels [34]. Accordingly, we found that Ca2+ chelationwith BAPTA
tends to decrease the MI-mediated Akt activation in HeLa cells. Future
experiments are needed to identify the exact mechanism(s).
Akt-dependent Cx43 phosphorylation on Ser373 has been associat-
edwith prevention of ZO-1 interaction, thus increasing the gap junction
size [25,49,50] and Cx43 HC-dependent membrane permeabilization
[26]. It is tempting to argue that a similar mechanism might explain
the increase in cell surface Cx43 HC levels, but further research is need-
ed to address this issue.
In this work, we focused on the effects of Akt over the amount of
Cx43 HCs at the cell surface. We showed, by two different techniques
(surface protein biotinylation and changes in the surface EGPF-
dependent ﬂuorescence by confocal microscopy), that MI increases
the amount of Cx43 HCs on the cell surface. This effect is dependent
upon intracellular Ca2+ increase and Akt activation.
The increase in the amount of Cx HCs induced by increased Ca2+ sig-
nal is consistent with experiments performed in HeLaCx32 cells under
MI and in HeLa cells transfected with Cx43 or Cx45 treated with a
Ca2+ ionophore [28]. However, further experiments are needed to pin-
point themechanismunderlying this process. Considering that Akt acti-
vation occurs before the increase in Ca2+ signal, another possible
interpretation is that Akt activation fulﬁlls its role by increasing the
levels of intracellular Ca2+. The role of Aktmay be related to the regula-
tion of Rab protein activity, as it occurswithGLUT4 trafﬁc to the cell sur-
face induced by insulin which is mediated by AS160-dependent Akt
phosphorylation [51]. To our knowledge, there is no evidence that Rab
proteins regulated by Akt may affect Cx43 HC trafﬁcking to the cell sur-
face, but we cannot discard this mechanism. Further research is re-
quired to investigate the mechanism by which Akt regulates the
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dependent increase in Cx43 HC activity is a mechanism also present in
cells endogenously expressing Cx43 (e.g., astrocytes and osteoblasts).
Moreover, they suggest that Akt can be added to those regulators of
Cx43 HC activity [5,7,8,52]. Using a different experimental approach to
deplete intracellular ATP consisting in hypoxia, nutrient deprivation,
high K+ and acidic pH to mimic the extracellular milieu of ischemic
cells, our results showed that Akt-mediated regulation of Cx43 HCs
was also present in this experimental model. Considering that linoleic
acid, a pro-inﬂammatory unsaturated fatty acid, also increase Cx43 HC
activity by a Ca2+/Akt dependent pathway [29], we propose that this
mechanism is activated in general inﬂammatory states regardless the
stimuli. Considering our results and those reported previously, Akt-
dependent regulation of Cx43 HCs and gap junctions seems to be a gen-
eral mechanism operating in physiological (mechanic stress) [26] as
well as pathologic conditions (hypoxia/reoxygenation, MI) [25,45], but
further experiments should be done to test this hypothesis.
Taking our results together, we propose the following mechanism:
MI activates Akt, which in turn increases intracellular Ca2+ levels.
Both signals increase the amount of cell surface Cx43 HCs, thus increas-
ing the cell membrane permeability and ﬁnally affecting cell survival.
The biological consequence should depend on features of the insult
such as intensity and duration. Accordingly, brief and/or low intensity
(sublethal insult) could be associated to preconditioning possibly due
to enhanced adenosine release via Cx43 HCs [53], whereas, long and/
or intense insult lead to cell death associated to Ca2+ overload possibly
related to persistent Cx43 HC opening [7].
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbadis.2015.03.004.
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